Fulminant hepatic failure (FHF) is still associated with high mortality despite recent advances in medical management. There is need of an effective and safe bioartificial liver (BAL) support to help keep patients with FHF alive until an organ becomes available for transplantation or the native liver recovers. The aim of this study was to establish highly functional liver cells by means of transfecting hepatocyte nuclear factor (HNF)-4 gene for the development of BAL. We constructed adenovirus vector carrying rat HNF-4 cDNA, and transfected to hepatoma-derived cell lines, HepG2 and HuH-7, to enforce expression of the exogenous HNF-4 gene. We analyzed expression of HNF-4, HNF-1, and liver-specific genes in cells infected by the adenovirus vector expressing HNF-4. Adenovirus-mediated HNF-4 gene transfer resulted in increases in expressions of HNF-4, HNF-1, and liver-specific genes such as apolipoproteins, α1-antitrypsin (α1-AT), phosphoenolpyruvate carboxy-kinase, cytochrome P450 families, and glutamine synthetase in transfected hepatoma cells. Cells overexpressing HNF-4 removed ammonia from medium supplemented with NH 4 Cl to a greater extent than control cells. These findings demonstrated that transfected cell lines restored differentiated gene expressions and liver-specific function by the overproduction of HNF-4. HNF-4-overexpressing hepatocyte cell lines are useful for bioreactor of BAL systems. 393 394 NAIKI ET AL.
INTRODUCTION
for transplantation or the native liver recovers from injury. Fulminant hepatic failure (FHF) is an acute illness To function as a surrogate liver, a bioartificial liver caused by viruses, drugs, metabolic abnormalities, or other (BAL) support devise must meet two metabolic criteria: causes that quickly leads to the development of hepatic the use of highly differentiated liver cells and the culturencephalopathy and severe impairment of hepatic funcing of these cells at sufficiently high density to support tions. Although FHF is a condition that is usually rapthe patients. Several designs of a BAL are currently beidly fatal, but with the potential for full reconstruction ing assessed in animal (19, 21, 24, 30) and human (6, 32 ) of the liver, controlled trials to evaluate the efficacy of trials. Recent improvements in the efficacy of harvesting previously accepted therapies, such as steroids, charcoal both human and animal hepatocytes, together with the hemoperfusion, exchange transfusion, and prostaglandin use of extracellular matrix components for hepatocyte E 2 , have shown that most of the therapies did not imculture, have sustained long-term survival while mainprove outcome (12) . With the introduction of orthotopic taining hepatocyte differentiated functions. These new liver transplantation as a therapeutic option for patients methods include the cultivation of hepatocyte as spherwith FHF, survival rate has increased (31,33), but limoids (10, 29) , and collagen gel immobilization (5, 24) . We ited organ availability enables only 10% of those afhave demonstrated that hepatocyte-extracellular matrix flicted by FHF to receive transplantation. Hence, there interaction is biologically relevant to the regulation of is need of an effective and safe extracorporeal liver supliver-specific genes by activating hepatic transcription port system to help keep these patients alive and neurofactors, hepatocyte nuclear factor (HNF)-1 and -4, and logically intact until either an organ becomes available that a basement membrane matrix, Engelbreth-Holm-Swarm (EHS) gel, was most effective among the various chicken α-actin promotor, rabbit β-globin poly A) promotor. The construct was cotransfected with EcoT221-matrices tested for maintenance of mRNAs for liverspecific genes (15, 16) .
digested Ad5-dIX DNA tagged viral terminal protein into the 293 cells, which were a human embryonic kid-Among the various liver-specific transcription factors, we have focused on HNF-4. HNF-4 is a major tran-ney cell line. The recombinant adenovirus (AdCAGHNF4) was grown in 293 cells, purified, and titrated according scription factor and plays a crucial role of liver-specific phenotype, which was identified in 1990 (25), as a strong to the conventional protocols (14). A recombinant adenovirus vector AdCAGLacZ bearing the Escherichia apolipoprotein (Apo) CIII inducer. HNF-4 induces various liver-specific functions, including protein synthesis, coli β-galactosidase gene was obtained from Riken Gene Bank (Tsukuba, Japan). AdCMVHNF4 (carrying rat lipid, glucose, drug, ammonia metabolism (17) , and plays a significant role in fetal liver and intestinal develop-HNF-4α1 cDNA with CMV promoter) and AdCMV∆1 11HNF4 (carrying the rat HNF-4α1 cDNA deleted with ment (25). HNF-4 is expressed at the earliest stage in the developing hepatic diverticulum (4) , an event that a coding sequence of N-terminal 111 amino acids with CMV promoter) were generously given by Dr. James D. precedes the induction of HNF-1, which has also been implicated in the regulation of liver gene expression (1).
Fraser (Ligand Pharmaceuticals Inc.) (7) . After plating overnight, the medium was changed to fresh serum-free Moreover, HNF-4 is a positive regulator and activator of HNF-1 expression (11) . A series of independent find-medium containing purified recombinant adenovirus at 10 multiplicity of infection (MOI) for 1 h. ings has contributed to the idea that HNF-4 may act the furthest upstream, as a master gene in a transcription β-Galactosidase Cytochemical Assay factor cascade that could drive the differentiation of hepatic lineage. We constructed the adenovirus vector car-Determination of LacZ gene expression was carried out according to Miyake et al. (14) . Briefly, the fixed rying rat HNF-4 cDNA and transfected HNF-4 to welldifferentiated hepatoma-derived cell lines, HepG2 and cells were rinsed twice with phosphate-buffered saline (PBS) and then incubated in a reaction mixture contain-HuH-7.
In the present study, we demonstrated that these trans-ing 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , 2 mM MgCl 2 , and 1 mg/ml X-gal (5-bromo-4-chloro-3-indolyl-β-D-fected cell lines restored differentiated gene expressions and liver-specific function by the overproduction of galactopyranoside) in PBS for 1 h at 37°C and then washed three times with PBS. HNF-4. These findings suggest that HNF-4-overexpressing hepatocyte cell lines are useful for bioreactor of Northern Blot Analysis BAL systems.
Total RNA (10-40 µg) was separated by electropho-MATERIALS AND METHODS resis on a 1% agarose-formaldehyde gel and transferred Cell Lines and Culture Conditions onto the positive-charged nylon membranes, Gene-Screen Plus (NEN Life Science Products, Inc., Boston, A human hepatoma cell line, HuH-7, and a human MA). The membranes were hybridized with specific hepatoblastoma cell line, HepG2, obtained from Japa-cDNA probes for human HNF-4, ApoAI, ApoCIII, α1nese Collection of Research Bioresources (JCRB, Tokyo, AT, glutamine synthetase (GS), transthyretin (TTR), and Japan) were cultured in RPMI-1640 medium (Sigmaalbumin, each of which was made by PCR method using Aldrich Co. Ltd., Irvine, UK) supplemented with 1% digoxigenin (DIG) luminescent labeling kit (Roche Diheat-inactivated fetal bovine serum (Sigma-Aldrich), 1% agnostics, Mannheim, Germany). Primer and PCR conpenicillin, streptomycin (GIBCO BRL, Life Technoloditions are listed in Table 1 . gies, Inc., Rockville, MD), 12.5 mM HEPES buffer (Sigma-Aldrich), and 0.2% lactoalbumin (Sigma-Aldrich),
Western Blot Analysis or supplemented with 10% heat-inactivated fetal bovine Western blot analysis of HNF-4, GS, TTR, and albuserum, 1% penicillin and streptomycin, and 12.5 mM min was performed according to the method previously HEPES buffer, respectively. Both cell lines were culdescribed with some modifications (18) . In brief, intured in 10-cm culture plastic dishes (Falcon BD, Frankfected cells were collected and protein preparation was lin Lakes, NJ). performed according to the manufacturer's recommended Recombinant Adenovirus Vector method (Santa Crutz Biotechnology, Inc., Santa Crutz, CA). The extracted proteins (20 µg) were subjected to A recombinant adenovirus carrying rat HNF-4α2 cDNA was constructed according to previously reported 8% polyacrylamide gel electrophoresis in the presence of sodium dodecyl sulfate under reducing condition and protocols (14). In brief, cDNA encoding a full-length HNF-4α2 was inserted into the SwaI site of the cosmid transferred onto a nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA). Goat polyclonal anti-human vector pAxCAwt with CAG (cytomegalovirus enhancer, instructions. cDNA samples were subjected to PCR am-cells were incubated for 6 h. Ammonia concentration of the medium was determined colorimetrically at 630 nm plification with specific primers. PCR was performed under linear conditions, to reflect the original amount of using Wako Chemical Co. kit (Wako, Osaka, Japan). the specific transcripts. PCR primers and the reaction RESULTS conditions was listed in Table 1 .
Adenovirus-Mediated HNF-4 Gene Transfer Ammonia Metabolism Analysis
To determine the viral infection in hepatoma cells, we first assessed the expression of β-galactosidase in the HepG2 and HuH-7 cells (5.0 × 10 5 ) were cultured in 12-well plastic dishes. Forty-eight hours after HNF-4 cells infected by the control adenovirus AdCAGLacZ. AdCAGLacZ infection at 10 MOI induced β-galactositransfection, the medium was changed to DMEM (Sigma-Aldrich) supplemented with 0.25 mM NH 4 Cl and the dase expression in 60-70% of HepG2 (Fig. 1B) or HuH- 7 cells (Fig. 1D ). Phase-contrast photomicrographs re-cells, HuH-7 and HepG2, showed increases in expression of HNF-4 mRNA (Fig. 2) . In AdCMV∆111HNF4-vealed that no apparent changes in cell shape were observed in either HepG2 or HuH-7 cells transfected at 10 infected cells, HNF-4 mRNA was detected at a lower position because of its deletion form (Fig. 2) . Infection MOI by AdCAGLacZ (Fig. 1E , G) or by AdCAGHNF4 (Fig. 1F, H) over a 48-h culture period.
with AdCMV∆111HNF4 resulted in detection of HNF-4 at 42 kDa, a lower position, by Western blotting in all Endogenous HNF-4 mRNA was not detected in HepG2 and HuH-7 cells (Fig. 2) . Forty-eight hours after cells examined (see Fig. 5 ). We also demonstrated that these transfected cell lines remained expressing HNF-4 infection with AdCAGHNF4 and AdCMVHNF4, Northern blot analysis demonstrated that hepatoma-derived mRNA and inducing liver-specific genes such as ApoAI and ApoCIII at least for 144 hours after transfection syltransferase (UDP-G), biliverdin reductase (BR); enzymes related to bilirubin metabolism, cytochrome P450 ( Fig. 3) . families (CYP); related to drug and xenobiotics metabo-Induction of Hepatocyte-Specific Genes lism, plasminogen (PLMG). A liver-specific serum proby HNF-4 Overexpression tein and a liver-specific transcription factor, peroxisome proliferator activated receptor (PPAR)α mRNA, were It is well known that HNF-4 is an activator of the HNF-1 gene and functions in the regulation of several induced by AdCAGHNF4 or AdCMVHNF4. However, mRNA expressions of some liver-specific transcription liver-specific genes (1, 11, 13) . The intracellular levels of HNF-1 mRNA were increased in the AdHNF4-targeted factors like PPARγ and CCAAT/enhancer binding protein (C/EBP)α were not changed, and HNF-3γ mRNA hepatoma cells (HepG2, HuH-7) (Fig. 2) , but not in the AdHNF4-targeted nonhepatic cells (COS-7, HeLa) (data was reduced. not shown). The expression of various target genes of Induction of Hepatocyte-Specific Proteins HNF-4 was analyzed by Northern blot analysis. As shown by HNF-4 Overexpression in Figure 2 , the intracellular levels of ApoAI, ApoCIII, α1-AT, and GS mRNA were markedly increased in the Western blot analysis constitutively detected the endogenous HNF-4 in HuH-7 and HepG2 cells (Fig. 5 ). AdCAGHNF4-targeted HepG2 and HuH-7 cells, but not in nonhepatic cells (data not shown). On the other hand, AdCMVHNF4 and AdCAGHNF4 infection increased the expression of HNF-4 protein in these cells in a dose-HNF-4 deletion mutant or LacZ gene transfection failed to increase these transcripts in HepG2 and HuH-7 ( Fig.  dependent manner (Fig. 5 ). In nonhepatocyte-derived cells, COS-7 and HeLa cells, HNF-4 was detected in 2). HNF-4 overexpression by AdCAGHNF4 functioned better and induced various liver-specific genes to a greater both mRNA and protein levels after infection with AdCMVHNF4 or AdCAGHNF4 (data not shown). West-extent than AdCMVHNF4 (Fig. 2) . However, HNF-4α overexpression induced either by AdCAGHNF4 or ern blot analysis showed that GS protein was increased by HNF-4 overexpression, but albumin and TTR protein AdCMVHNF4 failed to increase albumin and TTR mRNA, which are reported as the targeted genes of were not. These results were consistent with those of the Northern blot analysis. HNF-1 and/or HNF-4 (1, 25) .
To determine other HNF-4-induced genes, which We also tested if GS function was increased by HNF-4 overexpression. We measured the ammonia levels in could not be detected by Northern blot analysis, we examined their expressions by RT-PCR analysis (Fig. 4) .
the medium of HNF-4-transfected cells after supplementation with 0.25 mM NH 4 Cl. The concentrations of A number of various important liver-specific genes associated with metabolism were induced by HNF-4 overex-ammonia were significantly decreased in both HNF-4overexpressing HepG2 and HuH-7 cells compared with pression: phosphoenolpyruvate carboxykinase (PEPCK); an enzyme related to gluconeogenesis, UDP-glucurono-the control cells ( Fig. 6 ). HuH-7 cells appeared to have a lower capacity for ammonia metabolism, but HNF-4 liver cell lines have been used in clinical trials in a BAL system (2, 6, 20, 28) . However, use of primary hepato-overexpression more clearly restored this function to HuH-7 cells (Fig. 6, right) . cytes in BAL systems has a disadvantage in that they rapidly lose their abilities of metabolic functions or pro-DISCUSSION AND CONCLUSION tein synthesis. In primary hepatocytes or well-differentiated liver cell lines, liver-specific functions are closely For the development of BAL for human application, large amounts of viable and functional hepatocytes are associated with liver-specific gene expressions. The unique phenotype of hepatocytes arises from the expres-needed. Primary hepatocytes and well-differentiated sion of genes in a liver-specific fashion, which is con-hepatic parenchyma. HNF-4α has been found to activate expression from the HNF-1α promoter, which contains trolled primarily at the transcriptional level. Recent advances in understanding molecular signals that dictate an HNF-4α binding site (27). The loss of HNF-1 and HNF-4 expression is characteristic of the majority of de-liver development and differentiation have enabled identification of members of the nuclear proteins, HNF-1α, differentiated immortalized hepatocytes and even primary hepatocytes when cultured on a nonphysiological -1β, -3α, -3β, -3γ, -4α, and -6, and the C/EBP family. Of these, only HNF-4α and HNF-1α appear to be corre-substratum such as tissue culture plastic or a simple native substrate such as type I collagen. This event is con-lated with the differentiated phenotype of cultured hepatoma cells (8) . HNF-4 is an orphan member of the ste-sistent with their failure to express liver-specific genes.
A previous study demonstrated that stable expression roid/thyroid hormone receptor superfamily that has a limited tissue distribution; it is expressed in the liver, of HNF-4 in dedifferentiated rat hepatoma C5 cells, which lost endogenous HNF-4 expression, is sufficient small intestine, kidney, and pancreatic beta-islet cells, which are functionally relevant to serum protein synthe-to provoke reexpression of a set of hepatocyte marker genes (26). sis, and the lipid and glucose metabolisms. HNF-4α-null mice die during embryogenesis (4), whereas HNF-1α-Our results demonstrated that transient overexpression of HNF-4 upregulated many liver-specific genes in-null mice are viable (23) , indicating that HNF-1α is not an absolute requirement for the formation of an active cluding apolipoproteins, PEPCK, CYP families, α1-AT, and UDP-G. CYP 1A2, 2C9, 2C19, and 3A4 play a ducing GS could be increased by HNF-4 overexpression, and that these cells functioned well in NH 3 clear-prominent part in the oxidative metabolism of xenobiotics, including drugs, plant toxins, and residues of domes-ance (Fig. 6) . The liver is the major site of plasma protein synthe-tic and industrial combustion (22) . Genes encoding CYP are known to be controlled by many different stimuli sis. HNF-4α is also known to play a role in the regulation of plasma protein genes, including albumin, TTR, including physiopathlogical, environmental, and genetic factors. Our result showed that CYP 1A2, 2C9, and and AFP directly or through activation of HNF-1. However, in the present experiment, gene expressions of 2C19 mRNAs were induced by HNF-4 ( Fig. 4) . Moreover, bilirubin metabolism is an important factor for a these serum proteins were not upregulated by HNF-4α overexpression, which was confirmed in protein level by BAL system. Bilirubin is glucuronized in the hepatocyte and released into bile duct by active transport. Glucuron-Western blot analysis (Fig. 5 ). In agreement with our results, Spaẗh et al. demonstrated that some of the hepa-idation is not only involved in bilirubin metabolism but also elimination of many lipophilic xenobiotics and en-tocyte-specific genes, including TTR, failed to be activated in HNF-4-transfected rat hepatoma cells (26). dobiotics by converting to more water-soluble compounds (9, 22) . Glucuronidation is associated with UDP-They also reported that the addition of dexamethasone resulted in a significant induction of TTR in the trans-G. Our result showed that UDP-G mRNA was induced by HNF-4 overexpression.
fectant. It is difficult to satisfactorily explain why HNF-4 did not lead to the activation of a majority of the he-Ammonia metabolism is an indispensable function of a BAL system. Ammonia generated by most extrahe-patocyte-specific marker genes that are associated with serum proteins, although HNF-4 remarkably activated patic tissues is detoxified by incorporation into glutamine mainly in the liver. The most important enzyme many metabolism-related genes including apolipoprotein genes. This could be due to suboptimal concentra-for ammonia detoxification is GS. GS mRNA expression has been shown to be developmentally regulated in tions, which were able to activate serum protein genes, or to deficiency of other transcription factors, such as the central nervous system and liver. Immunohistochemical and in situ hybridization studies have shown that its HNF-3 and C/EBP, and accessory factors of the combinatorial control system that characterize liver gene tran-distribution in the livers of adult rats and mice as well as humans is restricted to a small subpopulation of hepa-scription, based on the finding that HNF-3 mRNA was shown to be repressed in HepG2 and HuH-7 cells after tocytes (<8%) surrounding the central veins in the livers (3). Our result showed that the numbers of the cells in-HNF-4α overexpression by RT-PCR ( Fig. 4) . 
